Probabilistic microstructurally-based models for fatigue are being developed as part of a DARPA/Northrop Grumman Structural Integrity Prognosis System (SIPS). An integrated framework has been developed to provide probabilistic fatigue life prognosis of individual air vehicles by leveraging research across a large multi-disciplinary team. Development of the framework was made possible by advancements made by the SIPS Modeling and Simulation multidisciplinary research team in the statistical modeling of polycrystalline metal microstructures, finite element meshing, multiscale analysis, modeling of constitutive behavior of polycrystals, and materials testing technology for property measurement and validation procedures. The fatigue models are based on a fundamental understanding of the fatigue process, and trace the structural degradation caused by fatigue back to its physical origins in the microstructure of the metallic component. The objectives are to discover and link all the important damage mechanisms leading to a macroscopically observable crack and to allow defects to emerge naturally from statistically meaningful ensembles of material representations, subject to more accurate, scale-specific, damage inducing fields. An example is modeling the interplay between the grain crystallography and crack incubation at a constituent particle. A microstructurally-based model allows estimation of the total fatigue life from incubation and nucleation at a constituent second phase particle to propagation of micro-cracks to emergence of macro-cracks all in a statistical sense to permit accurate estimation of reliability indices.
Nomenclature

N
= cycles ΔK = stress intensity factor range ΔK eff = effective stress intensity factor range a = half-surface crack along thickness c = crack along width R = stress ratio (S min /S max ) S max = maximum applied gross stress S min = minimum applied gross stress β = nonlocal micronotch-root maximum plastic shear strain amplitude γ = shear strain α = ductility exponent in modified microscale Coffin-Manson relation C nucl = ductility coefficient in modified microscale Coffin-Manson relation Δ = increment of a quantity G = linear proportional constant between crack opening displacement and crack growth rate K IC = fracture toughness a p = constituent particle size a f = inherent flaw size C = proportional constant between a f and a p σ cr = constituent particle strength σ p = constituent particle tensile stress K t = stress concentration factor
I. Introduction
urrent fatigue life models are empirical and deterministic. They represent statistically and geometrically average behaviors at the continuum scale, thereby resulting in simple surrogates of smaller length scale mechanisms. Advantages of current empirical methods are that they are mathematically and computationally less exacting, i.e. they require fewer measurements of properties and relationships. Current methods work well when these properties and relationships are well known empirically. An example is using Linear Elastic Fracture Mechanics (LEFM) to predict fatigue crack growth through a power law relationship. Disadvantages are that they are subject to the effects of size, shape, rate, aging, etc. thereby limiting their applicability and resulting in decay of accuracy. They do not account for the important physical/chemical events acting on the system being modeled. Most importantly, current methods mask inherent variability because they represent average behaviors at the continuum scale. However, it has been shown that fatigue life is strongly influenced by the tail ends of the defect distributions which are often related to the microstructural-feature distributions, such as constituent particle size, crystallography, grain boundaries, grain size and shape distributions.
A microstructurally-based probabilistic framework has been developed as part of the SIPS 1 program for more accurate predictions of the structural viability of individual air vehicles. The SIPS Modeling and Simulation (M&S) research team comprises a consortium of leading universities and high-tech companies whose primary objective has been to develop science-based modeling and simulation to faithfully capture details of material microstructure and degradation process due to fatigue. The main objectives of the M&S team have been to develop realistic physics of failure models that will estimate the total fatigue life of a structure and address the stochastic and probabilistic effects in materials utilizing knowledge of the uncertain nature of the material's microstructure. Rules for modeling damage accumulation and evolution in materials were developed for each critical damage mechanism. Critical damage mechanisms were established through experimental observations, and rules have been ascertained by exploiting experimental truth data in conjunction with micromechanical simulations of the actual observations at the various length scales/damage mechanisms. The final goal is to replace macroscale, empirical, deterministic based fatigue models with mechanistic, microstructural, probabilistic based models for more accurate assessment of reliability indices. Figure 1 shows the overall M&S group integration and Table 1 
American Institute of Aeronautics and Astronautics
3
The M&S approach has been to: 1) Develop a digital material description that will provide statistically accurate 3-D representations of the material's real microstructure. 2) Develop physics-based models for fatigue for adaptive real-time prognosis. 3) Develop a crystal elastic-plastic material model that will accurately capture the heterogeneous stress and strain states at the grain scale. 4) Develop a multiscale fatigue modeling environment to explicitly capture damage evolution at the grain scale. 5) Develop microstructurally-based corrosion and corrosion fatigue models. Experimental observations of fatigued aluminum alloy 7075-T651 notched specimens have shown that in a high stress area such as a notch or hole, fatigue cracks initiate and nucleate into the matrix from cracked constituent particles. Not all constituent particles crack in the high stress area of a notch or hole. The process that leads to the event of crack nucleation has been defined as the incubation stage of fatigue. It has also been observed that not all cracked particles spawn a crack in the matrix. The nucleation stage is thereby defined as the appearance of new surface area in the matrix adjacent to a cracked constituent particle. Nucleation is followed by growth of small cracks which tend to be sensitive to their surroundings. It has been observed that most small cracks are crystallographic i.e., they follow a crystallographic orientation relative to the loading axis. Multiple cracked particles cause multiple microstructurally small cracks. Some arrest, some grow then link and form the dominant crack that leads to failure. Based on experimental observations of aluminum alloy 7075-T651, our approach separates the total fatigue life (N total ) into the four stages as shown in Fig. 2 . Table 2 summarizes the fatigue modeling approaches that have been employed to address each stage of fatigue. 
II. Statistically Representative 3-D Digital Materials Models
Most polycrystalline materials are self-evidently three dimensional with respect to microstructure, and yet characterization is generally confined to two dimensional cross-sections. Clearly, in order to progress with establishing microstructure-behavior relationships, we need to be able to describe microstructures in all three dimensions. This in turn, presupposes that we can make the descriptions suitable for use by numerical systems such as finite element models, which entails detailed geometrical descriptions. Many material behaviors such as plasticity are strongly anisotropic and this means that it is desirable to include crystallographic orientation (texture) in the descriptions. Our approach exploited statistical stereological approaches, combined with reasonable assumptions about the microstructural features of a particular material in developing a useful representation of the material's microstructure 2 . Carnegie Mellon University (CMU) and ALCOA have developed a "Microstructure Builder" for constructing three-dimensional digital representations of material microstructure based on two-dimensional orientation maps. The Microstructure Builder allows readily obtained cross-sectional information to be used to generate appropriate initial conditions for simulation of elastic and plastic deformation. Crystallographic orientation (texture) is included as one of the primary features of the method. Thus the input to the model requires statistical characterization of the orientation maps for the three orthogonal planes that can be obtained from electron back-scatter diffraction (EBSD) in a scanning electron microscope (SEM). Statistical characterization of microstructural features of interest includes size and shape of grains, constituent particle 3 size and shape, misorientation distribution, and orientation distribution. "Microstructure Builder" can create numerous instances of a material microstructure all of which can be statistically representative of the real material. The generation process is divided into four independent components. First, a voxel based rolled aluminum polycrystalline grain structure is generated which matches the shape and size of the grains of interest. Second, a crystallographic orientation is assigned to each of the grains in the digital structure such that the orientation distribution and misorientation distribution of the structure is matched. Third, a 3D array of particles is generated so that they can be inserted into the grain structure. Fourth, these models are then post processed via surface meshing and mesh smoothing so that they can be used by SIPS team collaborators for finite element crystal-plasticity computations. Generating synthetic 3D polycrystalline grain structures that match the statistics for AA7075 is accomplished through a multistep process which includes; generating representative ellipsoids (in terms of size and shape distributions), placing those ellipsoids into a volume, allowing that volume to be filled with voxels that are grouped as grains, and then modifying the grains through isotropic Monte Carlo grain growth. An example of a statistically representative 3-D digital microstructure is shown in Fig. 3 which illustrates a microstructure with 51 grains generated via cellular automation, a method used to generate the voxelized structure. 
III. Non-linear Fracture Mechanics Model -FASTRAN
Mississippi State University (MS State) has developed an analytical crack growth life model (FASTRAN 4 ) that is based on the Dugdale strip yield model. Dugdale derived an expression that relates the size of the plastic zone ahead of a crack to the applied stress intensity. FASTRAN modifies this model, originally for thin sheet (plane stress), to account for three dimensional effects, (plane strain). Additionally, FASTRAN accounts for the presence of plastically strained material in the wake of the crack which tends to cause the faces to contact and the crack to close before the applied stress is equal to zero (plasticity induced crack closure). It is assumed that the crack will not propagate while its faces are in contact, thus this factor is used to modify the applied ΔK to obtain ΔK eff , which is assumed to be the actual crack extension driving force. The crack growth rate is then obtained from experimentally measured da/dN vs. ΔK curves. FASTRAN has been developed to include short crack effects, and has been successfully applied to predictions of short crack growth in commercial aluminum alloys. 5, 6 FASTRAN requires an initial flaw size to initiate a prediction. As an initial approximation for commercial aluminum alloys, this flaw size has been taken as the size of the constituent particle that is most likely to start a crack. This approach has the advantage that the initial particle size distribution can be used as an input to probabilistic simulations. FASTRAN has been integrated into the SIPS probabilistic and reasoning framework, 7 and has been successfully applied to many problems in the SIPS program. Thus, a probabilistic answer can be obtained for the predicted life to a given crack size.
A constant-amplitude fatigue crack growth test program was conducted on 7075-T651 aluminum alloy to generate small-and large-crack rate data over a wide range of stress ratios (R = 0.1 to 0.7) from threshold to fracture. The baseline fatigue crack-growth-rate relation (da/dN vs. ΔK eff ) was established in both the thickness (a) and width (c) directions. 8 Crack-growth behavior was found to be significantly different in the thickness and in the in-plane directions. Using inclusion-particle-cluster sizes and shapes, like those that are observed in tests, the fatigue and crack-growth lives are predicted on various SIPS fatigue specimens from coupon to component to system level configurations under constant-amplitude and flight-by-flight spectrum loading. The predicted deterministic results compare well with test data. 8 A test program was then conducted to demonstrate the validity of the SIPS probabilistic framework. The overall objective of the test was to validate SIPS probabilistic fatigue life model predictions against laboratory generated crack size distributions at various damage states and under two representative flight spectra. A description of the experimental procedure, results and analysis is provided in a companion paper.
9 Figure 4 shows a comparison of the FASTRAN probabilistic predictions as compared to the experimentally obtained crack size distributions for two different damage states at 100% and 200% Fatigue Life Expended (FLE 10 ) for the SIPS two-hole specimen under spectrum loading. American Institute of Aeronautics and Astronautics 7 FLE only includes crack depths of size c = 0.000275 inches and larger 9 , the predicted cumulative probability ( Fig.  4(b) ) is a conditional distribution that only considers crack sizes (c) greater than 0.000275 inches (7 µm). The probabilistic predictions are in good agreement with the test data.
IV. Microcrack Coalescence Model
The ALCOA Technical Center, in collaboration with Carnegie Mellon University (CMU) and Cornell University (CU), has developed a fatigue crack growth life model that addresses the problem of multiple microcrack growth and coalescence. Current fatigue crack growth life methodologies require an initial damage state to carry-out predictions of damage evolution to failure of a component. The initial damage state is defined by a single initial flaw that grows independently to failure. However, experimental observations have indicated that in the high stress area in the bore of a hole multiple cracked constituent particles cause multiple microstructurally small cracks as shown in Fig. 5 . The random formation of these microcracks forms a cluster of cracks whose growth is affected by interacting mechanisms through crack shielding and coalescence. Some microcracks arrest and some grow then link and form the dominant life-limiting crack that leads to failure of the component. Microcrack formation and coalescence is strongly influenced by the material's microstructure and can lead to a significant variability and reduction in fatigue life. A formal approach has been developed to explicitly model the physics of microcrack growth and coalescence including the effects of crack shielding.
The Multi-Site Crack Growth (MSCG) computational method is designed to enable fatigue crack growth life predictions for structural hot-spots potentially containing many crack nucleating features. The model deals directly with a set of a large number of cracks in a defined geometrical region and can start with an initial uncracked state, where cracks may nucleate from cracked particles or other features, or from an initial cracked state such as might be expected at a percentage of Fatigue Life Expended (FLE). The software then tracks the simultaneous growth and interaction of these cracks, including link-up, shielding, and final failure. The physical mechanisms employed to determine whether the cracks extend, link-up or arrest are based on an approximations of each crack's strain field and a non-linear elastoplastic finite element formulation. The code is designed to work from pre-computed crack growth solutions. The method uses FASTRAN as the driver to generate crack growth life solutions under spectrum loading; however, any other crack growth simulation code can be used as the driver. The use of efficient computational algorithms enables rapid calculations; a crack growth simulation involving 1000 interacting cracks runs in about a minute on a typical personal computer.
A set of experimental data has been obtained to validate SIPS probabilistic models for fatigue. 9 Crack size distributions from optical and scanning electron microscope (SEM) observations were obtained experimentally at various damage states at 100%, 150%, 200% and 300% FLE. For the SEM measured cracks, a crack mapping method was established whereby the location, number and size of each crack in the high stress area of the hole were catalogued. Four two-hole specimens were fatigued using a flight-by-flight spectrum loading to 100% FLE. Sixteen SEM high resolution configurations were generated and 1106 cracks in total were measured using the crack mapping technique. These measured configurations at 100% FLE are ideal in defining the initial crack configuration for MSCG model predictions to 200% FLE and to failure. Validation of MSCG model can be carried-out by comparing the MSCG model predicted crack size distribution at 200% FLE to the measured crack size distribution at 200% FLE. American Institute of Aeronautics and Astronautics 8 Figure 6 shows one of these configurations with cracks of varying lengths of size 2a for a strip representing the high stress area in one of the hole sides with dimensions of 0.225" (5715 µm) in width and 0.0215" (546 µm) in height. This configuration represents the crack population as measured by the crack mapping technique at 15,129 cycles corresponding to 100% FLE. The dimensions of the fatigued specimen were: hole diameter = 0.190", width = 1.0", and thickness = 0.225". As shown, longer cracks have larger plastic zones as expected. Figure 7 shows an intermediate configuration. Figure 8 shows the computed final configuration with a single long crack extending across the section that has an irregular path as a consequence of multiple linkup events. Many of the initial cracks have grown to some extent and then ceased to propagate as they become shielded by the fatal crack. The link-up ligatures (coalescence events) are shown in red.
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Multi-Site Crack Growth predictions were repeated for fifteen more initial crack configurations. Each initial configuration represents damage in the high stress area of a side of a hole at 15,129 cycles corresponding to 100% FLE. Figure 9 shows a comparison between MSCG predictions to experimental measured data at 200% FLE for the flight-by-flight spectrum loading. Figure 9 shows a higher frequency of crack lengths (2a) in the 10 to 30 µm range for the MSCG predictions, and a larger frequency of cracks for 30+ µm size cracks for the experimental data. However it should be noted that the comparison shown in Fig. 9 of experiments to predictions is not directly equivalent. The predictions are for a computational domain corresponding to the high stress area in a hole and the experimental data are obtained from optical measurements on the fracture surface. The predictions include small cracks that will eventually arrest and will not be part of the fracture surface. It is expected that if these small cracks are removed from the MSCG predictions the results will be more comparable. Figure 10 shows the predicted variation of cycles required for a crack to span the area element, which can be taken as representative of failure, and is compared to experimental results to failure. Note the considerable range in effective lifetime that is suggested by this set of calculations, which differ only by the instantiation with different measured microstructures and therefore illustrates the strong influence of microstructural variation on lifetime.
V. VPS-MICRO Probabilistic Model
The VEXTEC VPS-MICRO model includes a probabilistic fatigue life prediction algorithm that explicitly models fatigue crack initiation and growth starting at the microstructural scale. 11 The overall fatigue damage model uses Monte Carlo simulation to proceed through three different levels of fatigue damage accumulation that are commonly observed in the process of fatigue, each with its separate modeling regimes: (1) crack nucleation, (2) short crack growth and (3) long crack growth. The probabilistic micromechanics model is based on dislocation theory, crystal plasticity and fracture mechanics. It considers the variability in grain size, microstress, inclusion density and grain orientation. This enables "total life" analysis from damage nucleation to final fracture. Crack models incorporate randomness using Monte Carlo probabilistic techniques. Computer simulation is set up with built-in material libraries and appropriate modeling linkages are established to predict the scatter in fatigue life. VEXTEC has modified their physics-based models for SIPS aluminum alloy 7075-T651 and 7050-T7451 materials. The models have been used for fatigue life predictions of SIPS smooth round and double edge notch (DEN) specimens under constant amplitude loading and SIPS two-hole fatigue specimen under spectrum loading.
The crack nucleation model, which is based on cracking due to the build-up of dislocation density is incorporated into the probabilistic fatigue algorithm. This model accounts for grain orientation and size along with inclusion size and density. The crack nucleation model determines the number of cycles to create a crack equal to the grain size. The output from the crack nucleation model provides the input to the small crack growth model. The The small crack growth model determines the number of cycles and the size of a crack for which the long crack model is applicable. The long crack growth rate is modeled using linear elastic fracture mechanics. All variation in long crack growth is modeled by allowing the fracture mechanics coefficients to be random variables. The long crack growth model determines the number of cycles to exceed a critical crack size. The overall framework of the micromechanics model for aluminum materials is shown in Fig. 11 along with the elements of the technology that are integrated together. A finite element analysis of the actual specimen configuration provides stresses and stressed volumes. The material microstructure modeled as a statistical volume element (SVE) provides the distribution of stresses at the grain scale. These inputs are used within the microstructural damage algorithm to predict fatigue failure.
Model predictions were validated by comparing probabilistic simulations to SIPS experimental data. One such comparison is shown in Fig. 12 for a 7075-T651 smooth round coupon under constant amplitude loading (R = -1). Six components were simulated at each stress level, as shown with red symbols. The predicted fatigue lives are in good agreement with the experimental data. At lower stress levels (≤ 23 ksi), the model predicted run-outs as observed in the experiments. All fatigue failures were initiated by constituent particles, similar to the experimental observations. Statistical analysis at a confidence level of 95% was performed to determine whether the experimental data could reflect the simulation data. Figure 12 shows that the vast majority of predictions are within a 95% confidence bound of the actual test data. The predicted results compare well with test data. 
VI. Multi-Stage Fatigue Models
Mississippi State University (MS State) has developed a Multi-Stage Fatigue (MSF) model that incorporates the microstructural features to the fatigue life predictions for nucleation, microstructurally/physically small crack growth, and long crack growth stages in both high cycle and low cycle regimes. The MSF model specifically addresses the role of local constrained cyclic microplasticity at fractured inclusions in fatigue crack nucleation and small crack growth regimes, including the effect of crystallographic orientation on crack tip displacement as the driving force. In addition to being grounded in micromechanics theories of fatigue crack propagation, this approach has the advantage of providing a set of equations that can be readily evaluated under a variety of conditions. As such, it can be employed in the SIPS probabilistic reasoning and prognosis framework which utilizes statistical distributions of the input parameters to provide probabilistic predictions of fatigue crack evolution.
In the MSF approach, 12 the total fatigue life (N total ) is separated into three stages: nucleation (N nucl ), microstructurally small/physically small crack growth (N msc/psc ) and long crack growth (N lc ) as follows:
For 7075-T651 the nucleation life, N nucl , is the number of cycles to nucleate a crack at a micronotch and is assumed to consist of two stages, the cracking of a constituent particle and the early crack propagation through the zone of the micronotch root influence. A modified Coffin-Manson law for 7075-T651 has been developed 13 linking the microplasticity to the nucleation life, N nucl according to nucl nucl
where β is the local maximum plastic shear strain around the constituent particle and α, C nucl are the linear and exponential coefficients. The model was developed by combining micromechanics finite element analyses of single cracked particles and experimental observations of damage. The micromechanics simulations were performed to obtain relationships between the far-field strain, the nonlocal (notch root volume averaged) micronotch root maximum plastic shear strain amplitude around the cracked particle, the plastic zone size and the particle diameter. Experiments were performed on smooth cylindrical shaped specimens for various levels of maximum applied strain amplitudes with a loading ratio, R = -1.0. The experimental observations of damage initiation provide relationship between far-field strain and number of cycles to initiation. A statistical analysis was performed on interrupted damage accumulation specimens 14 to determine what percent of initiation life (life to a 0.01 in. crack) is attributed to nucleation. The experimental data provided a relationship between far-field strain and cycles to nucleation life (N nucl ).
The microstructurally small/physically small portion of fatigue life, N msc/psc , encompasses crack sizes, α, between the incubated size (α i ≈ .56D where D is the average constituent particle diameter) and a crack size that is treatable by linear elastic fracture mechanics, approximately 0.01 in. (250 µm) in this case. Crack growth in the MSC/PSC regime is governed by the range of the crack tip displacement (ΔCTD) according to
where G is a material constant that reflects the crack tip irreversibility, and ΔCTD th is the threshold value of the crack tip displacement and is assigned a value corresponding to the Burger's vector for the Al rich matrix. A ΔCTD expression for 7075-T651 has been developed 13 in terms of the grain orientation, the modulus, the grain size, the mean stress, the applied stress range and the plastic shear strain range.
The MSF model has been validated by comparing predictions to SIPS experimental data. One such comparison is shown in Fig. 13 for a SIPS two-hole specimen under spectrum loading. Two predictions are shown each with an initial flaw size corresponding to the size of a constituent particle. The open and solid circles denote surface crack lengths at a particular number of cycles or at failure. The open and solid squares denote through crack lengths from the hole at a particular number of cycles or at failure. The diamond symbols show surface crack lengths measured during a test using a photographic method. A JENTEK meandering-winding-magnetometer (MWM) array sensor 15 12 was used to monitor the crack lengths along the bore of the hole in some other tests. Results of one of these test is shown as curves in Fig. 13 . The predicted results compare well with test data.
VII. 3-D Crystal Plasticity and Damage Evolution Models
Rensselaer Polytechnic Institute (RPI) has developed a crystal elastic-plastic material model at the grain scale. The overall response of polycrystalline metals is strongly tied to grain-scale phenomena. Material heterogeneities, particularly constituent particles in Al 7075 and grain boundaries in Al 7050, are closely related to the initiation of localized plastic deformation, damage accumulation, and crack nucleation. The local grain orientations and structure surrounding constituent particles strongly affect the heterogeneous stress and strain states that develop, which, in turn, affect crack nucleation and microstructurally short crack propagation. The formulation and implementation of crystal plasticity models and damage metrics for the SIPS program are centered on the relationship between heterogeneous response at the grain scale and the accumulation of fatigue damage leading to crack nucleation.
The response of the AA7075-T651 matrix material is governed by a crystal elasto-viscoplastic formulation that captures the relevant microstructural mechanisms. 16 The constitutive model provides information about heterogeneous stress, strain, and plasticity states at the grain scale, aiding fatigue modeling and the prediction of crack nucleation. Key aspects of the work include defining an appropriate constitutive model and calibrating and validating both constitutive and numerical models. The RPI crystal elastic-plastic constitutive model has been developed using a programming language and style that allow for direct integration into the multiscale modeling environment at Cornell University. The constitutive model has also been implemented in a commercial finite element analysis code, as an ABAQUS UMAT.
The crystal plasticity constitutive model was calibrated and validated against experimental data provided by collaborators at Carnegie Mellon University, Mississippi State University American Institute of Aeronautics and Astronautics 13 reduced to facilitate the creation of a finite element model with a sufficiently large number of grains. Lattice orientations were assigned based on scanning electron microscope back scatter diffraction measurements. The test specimen was prestrained in compression then uniaxially reloaded in tension. Results from a reversed-loading test validation are shown in Fig. 15 .
Additionally, RPI focused on the nucleation process by defining a simulation protocol to identify key metrics related to spawning of matrix cracks from cracked constitutive particles. A set of five different damage metrics have been defined to relate plastic slip and stress to fatigue damage. A number of series of simulations has been carried out by Cornell University and RPI to evaluate and validate the crystal plasticity model and its implementation. An example of a simulated experiment is presented in the case of one of the damage metrics that looks at a combination of accumulated slip on a slip plane and normal stress on that slip plane. The accumulated damage was computed in the neighborhood of an idealized cracked particle in a single grain. The finite element model is presented in Fig.  16 . The results in Fig. 17 compare two simulations which differed only by the orientation of the grain. The results presented in Fig. 17 demonstrate the effect of microstructure on damage evolution and also the distribution of damage in the neighborhood of a cracked constituent particle. 
VIII. Multiscale Fatigue Modeling Environment -Geometric Approach
Cornell University (CU) has developed a computational framework for explicitly simulating the multiscale mechanics of crack growth, from incubation at the microscale to failure at the component-scale. Development of the framework was made possible by advancements made by the SIPS M&S multidisciplinary research team 18 ; in the statistical modeling of polycrystalline metal microstructures (ALCOA, CMU and LU), finite element meshing (CU), multiscale analysis (CU and MS State), modeling of constitutive behavior of polycrystals (RPI and MS State), and materials testing technology for property measurement and validation procedures (Northrop Grumman, MS State, UVa, and OSU). The framework is plug-compatible, allowing for future improvements in the physics-based models to be hypothesized, implemented, analyzed and validated, and applied to other material systems.
The current framework shown in Fig. 18 contains 3 levels, each of which has a unique degree of fidelity and, consequently, computational demand. 19, 20 In this approach, an explicit geometric representation of the aluminum alloy microstructure and damage evolution caused by fatigue loading are being modeled. At various stages of the modeling process, length scales from meters, (the aircraft), to millimeters, (the fastener holes), to micrometers, (the grains and constituent particles), are modeled. This multiscale modeling approach would be intractable if one were to attempt to include the microstructural scale throughout the model, thus we have developed a hierarchical sequence of models at the various scales. At the macroscale, the global state of stress on the component is determined. This highlights the hot spots. A smaller (mesoscale) region, typically a 1 mm cube, containing the critical damage site is then extracted from the larger model along with the boundary conditions determined from the macroscale analysis. This region is then populated with the microstructural features that control the damage process, in this case, the grain structure and the constituent particles. The microstructural features are determined by quantitative 3-dimensional metallography. The results of the metallographic characterization are captured as a statistically representative digital microstructure, which is used as input to Microstructure Builder to generate the microstructure used in the mesoscale models. The mesoscale model is then interrogated to determine its response to the applied fatigue loads using a crystal plasticity constitutive model. The damage at the mesoscale is then inserted back into the macroscale model by adjusting the local stiffness at each of the integration points in the macroscale model to reflect the damage calculated at the mesoscale. In this manner, explicit calculations of the physical basis for fatigue damage could be performed and used for predictions of the expected fatigue life of an aircraft component. The overall philosophy of the Geometric Approach is depicted in Fig. 18 .
Figure 18. Multiscale fatigue modeling environment -Geometric Approach
Experiment observations of early damage were combined with micromechanics simulations to develop criteria for particle cracking, crack initiation into grains from cracked particles, and small crack growth. Micromechanics simulations at the microscale include modeling single particles in single grains and performing crystal plasticity simulations. These models are used to calculate the effect of local plasticity on the cracking and debonding of the constituent particle (incubation stage), the subsequent initiation of a microcrack in the matrix adjacent to the cracked particle (nucleation stage), and the propagation of the crack through the parent grain and into the adjacent grains (microstructurally small crack growth stage). In all cases, the crystallographic nature of plastic deformation in each grain is explicitly accounted for.
It has been experimentally observed that in AA 7075-T651 fatigue cracks initiate and nucleate into the matrix from cracked Al 7 Cu 2 Fe constituent particles. However, it has been observed that only a small percentage of the Febearing particles crack. Consequently, inserting all particles into a microstructural model is physically unnecessary and computationally intractable due to the resulting increased finite element model size. Therefore, a model for particle cracking 21 has been developed and implemented to select only particles most likely to crack and nucleate a crack into the matrix. In this approach, shown in Fig. 19 , three-dimensional crystal plasticity finite element simulations were performed of a single particle embedded in a grain to develop a response surface for the tensile stress (σ p ) in the particle as a function of the strain level surrounding the particle, parent grain orientation, and particle aspect ratio. A technique for estimating particle strength (σ cr ) from fracture toughness, particle size, and intrinsic flaw size was developed. Particle cracking was then determined by comparing particle stress and strength.
A series of experiments were performed on double edge notch (DEN) specimens 8 to develop a detailed understanding of the sequence of events involved in the creation of a microstructurally long fatigue crack and to provide information for calibrating SIPS models pertaining to early stages of fatigue. These experiments involved constant amplitude fatigue loading on notched DEN specimens with periodic interruptions of the fatigue cycling in order to make damage observations in an SEM. The material parameter, C, the average ratio of intrinsic crack size to particle size, which is used to estimate particle strength (σ cr ), was calibrated for selected microstructure samples as observed in the high stress area of the DEN specimen. Three configurations were selected with single crack particles where no matrix crack had developed and three configurations were selected with single intact particles. The sample observed local texture, microstructure geometry, and applied strain at the time of particle cracking were also recorded. The resulting image of each sample was traced to create a computational replication of the microstructural Switching from low stress orientation to high stress orientation results in "curve shifting" for all particle aspect ratios Switching from low stress orientation to high stress orientation results in "curve shifting" for all particle aspect ratios Switching from low stress orientation to high stress orientation results in "curve shifting" for all particle aspect ratios Switching from low stress orientation to high stress orientation results in "curve shifting" for all particle aspect ratios
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• Fig. 20 . The 2-D geometry was then extruded to create a 3-D computational model. The grain was extruded based on an observed average grain aspect ratio and the particle was extruded based on fitting a circle to the particle boundary and utilizing the radius as the extrusion distance. After the 3-D geometry is generated, a mesh is generated, in which elements are assigned experimentally observed material orientations. In this study, the particle is modeled as linear elastic, isotropic solid and the grains as rate-dependent, face-centered cubic (FCC) crystal plastic solids of varying orientation. Details of the incubation model development work can be found in Ref. 21 . Similarly, a model has also been developed for the crack nucleation stage 22 and additional research is currently underway at CU to develop models for microstructurally small crack growth.
The incubation model has been validated by computing the frequency of particle cracking for a statistical realization of particles and comparing to an experimentally obtained frequency of particle cracking. The frequency can be predicted by sampling the respective strain, grain orientation, and particle size distributions to find the stress and strain in each particle. A histogram of the difference between particle stress and strength for an example realization is shown in Fig. 21 . For this realization of 20,000 sampled particles, the predicted frequency of particle cracking is 2.9%. The predicted particle crack frequency was in good agreement with the experimentally observed average particle cracking frequency of 2.3%. 8 A computational framework has been developed for explicitly simulating the multiscale mechanics of crack growth, from incubation at the microscale to failure at the component-scale. The geometric modeling approach holds the promise of providing a detailed, physically realistic, high-fidelity model of the fatigue process. 
IX. SIPS Integrated Modeling Approach
Under the DARPA Structural Integrity Prognosis Program, Northrop Grumman researchers, in collaboration with other team members, have developed a methodology to produce probability distributions of initial crack sizes from the probabilities that cracks have formed in constituent particles and grown into the surrounding matrix for a given aircraft usage history. These distributions are used with fatigue crack growth models for prediction of fatigue crack evolution in aerospace structural components. Since the probability distribution of the stochastic process for crack size is a function of the initial crack size distribution, the improved representation and accuracy of the initial distribution can produce greater fidelity in the resulting distributions for crack size over time.
A microstructurally-based probabilistic framework has been developed that incorporates SIPS developed models and methods into a single integrated modeling approach. The objective was to link the various models that have been developed to address each critical fatigue stage into one coherent model. The integrated model illustrated in Fig. 22 , comprises the following components: 1) Microstructure builder (CMU) to define the bulk material's initial microstructure statistics, 2) Meso-scale tool box including models for fatigue incubation and nucleation (CU) to define a statistically representative physics-based initial state of damage, 3) Crystal plasticity model (RPI) to accurately capture the state of stress and strain at the grain scale, 4) Fatigue crack growth models (MS State) to capture damage evolution, 5) Northrop Grumman developed methods to rapidly calculate inelastic responses at a critical hot spot based on specific individual aircraft usage, and 6) Northrop Grumman developed probabilistic methods.
The framework tailors probability distributions of initial flaw sizes to individual aircraft. Prior microstructural methods used either distributions of constituent particle sizes derived from bulk material statistics (pristine) or distributions of cracked particles found in interrupted fatigued specimens as initial flaws for failure prediction. The new method utilizes the usage history of each individual aircraft to create initial flaw size distributions tailored for that aircraft. Although these distributions begin with a common set of bulk material statistics, the new methods account for the probability that a given particle may lead to a fatal crack given one vehicle usage history and may not lead to a fatal crack given a different usage history. Tailored distributions of initial flaw sizes enable better predictions of fatigue crack growth life.
Fatigue damage predictions of structural components rely on the accurate calculation of elastic and inelastic material response at the critical locations of interest. Since fatigue calculations are performed over very large numbers of cycles, it is even more crucial to carry out these calculations in an expeditious manner. Conventional 1-D uniaxial methods that relate local stresses and strains to nominal values are fast but do not offer the necessary detail required by multiaxial based fatigue models. Detailed elastic-plastic finite element calculations offer the required accuracy however these methods are computationally expensive and impractical for variable amplitude Approximate methods such as multi-axial versions of Neuber's rule 23 and Glinka's ESED 24 method have gained widespread use in the fatigue community. The new method expands upon previous implementations by generalizing the 1-D Neuber Rule for multiaxial stress states combined with material constitutive laws capable of capturing the cyclic response of the material (such as Von Mises kinematic or combined hardening and finite strain crystal plasticity). The decomposition of stress into a stress magnitude and stress direction tensor allows a more general formulation so that the method can be used at free surfaces of notches as well as at internal material points in the structure. To account for the progression of stress redistribution that occurs with increasing amounts of plastic strain, a correction factor can be applied to the formulation provided some a priori knowledge of the stress direction tensor is established. This allows the use of the method in situations where the nominal loading results in significant local plastic strain.
To verify the approach, several test cases were developed and results of the new approximate method were compared with detailed 3D finite element analyses (FEA). One of verification test consisted of applying a remote tensile stress field to a finite element model of a single-hole specimen, performing an elastic-plastic analysis, and probing the local notch stresses and inelastic strains. Very good agreement is shown between the approximate method and finite element analysis (FEA) results for both local notch inelastic strain as well as stress. Figure 23 shows the results using the new method with modifications to both the Neuber Method as well as to the Glinka ESED method.
The current implementation is in the form of a module within the integrated modeling framework. It takes as input the fatigue spectrum, an elastic stress concentration factor K t at the critical location (notch), the applied gross stress level, and material properties for the constitutive behavior chosen and provides as output the maximum spectrum strain at the critical location (notch). This is in turn is passed to the incubation model as one of the inputs to determine particles most likely to crack.
The overall process shown in Fig. 24 begins with initial probability distributions for particle dimensions: a (particle half-width), c (particle depth), and h (particle height) that are determined from bulk statistics obtained from SEM scans of the three orthogonal planes. A range of particle dimensions are computed and subjected to an aspect ratio (AR) filter that eliminates any particles whose dimensions do not have the appropriate aspect ratios. These particle dimensions with additional inputs such as fracture toughness distribution, notch strain, and grain orientation distribution are then passed into the incubation filter that determines the probability of the particle fracturing Figure 23 . Elasto-plastic finite element model results vs. incremental Nueber/Glinka models P(fr|a,c,h). This conditional probability is the output of the incubation filter, and it represents the probability of fracture given particle dimensions (a, c, h). The next step in Fig. 24 uses the Theorem of Total Probability to obtain the P(fr|a,c) from each of the probabilities P(fr|a,c,h) by summing each probability multiplied by the probability that the corresponding depth h occurs.
Crack growth models produce curves of crack size as a function of time for each initial crack value, however, these physics models are deterministic and do not capture the uncertainty in the inputs and its effects on the crack growth curve. This uncertainty is represented by the probability density f(a, c|fr) that defines the probability of the occurrence of an initial crack with half-length a and depth of the crack c. The randomness of the input crack values produces a random output in the crack growth model that is defined as a stochastic process. By assigning the probabilities defined by f(a, c|fr) to each crack growth curve, the probability distribution of the stochastic process of the crack at any time can be computed. 9 Therefore, it is necessary to accurately compute the joint probability density f(a, c|fr) of the initial crack sizes. Using Bayes Theorem we can obtain the density f(a, c|fr) from the conditional probability of fracture P(fr|a,c) and the original probability density f(a, c) of particle dimensions for the half-length and depth obtained from bulk statistics. As shown in Fig. 24 this joint density f(a,c | fr) represents the probability of the occurrence of the two random inputs to a crack growth model.
Ongoing work focuses on verifying these distributions and utilizing them with small crack growth simulations to produce new predictions and make comparisons to experimental data. Figure 25 (a) compares two probability density function distributions of fractured particles that represent the initial crack size distributions for small crack growth simulations: 1) experimentally obtained from one interrupted fatigued specimen 25 , and 2) physics-based derived from the integrated modeling approach. The bulk material probability density function is only shown for comparison. Figure 25(b) compares the results of small crack growth analyses to an experimentally 9 obtained crack size distribution for a damage state at 100% FLE for the two-hole specimen using a flight-by-flight spectrum loading. FASTRAN probabilistic predictions were carried-out using the experimentally obtained and the physicsbased initial crack size distributions. Both input distributions represent the crack depth (c) along the specimen width direction with an assumed initial aspect ratio of a/c of 1.0. The probabilistic prediction based on the physics-based derived initial crack size distribution is in good agreement with the test data. Probability that a particle of size (a, c, h) will fracture for this vehicle history Probability reduced to (a, c) dimensions
Probability that a particle of size (a, c) exists in critical area
Each crack trajectory modeled is assigned a probability f(a, c|fr) 
X. Conclusion
Over the course of the SIPS Program, technologies were developed and validated in a graduated progression from simple-representative laboratory coupon tests to full-scale system tests using active military aircraft vehicles. Testing and analyses of fatigue mechanisms on over 400 laboratory specimens with varying degrees of damage/usage, teardown inspections of two retired outer wing panels, and full-scale tests of three retired outer wing panels have yielded a measurement database of over 10,000 cracks. Microstructural characterization of old and new samples of AA 7075-T651 quantified the critical distributions for the random variables used by the SIPS fatigue models. Development of detailed modeling of fatigue mechanisms at various scales based on experimentally observed damage accumulation and evolution produced an integrated model that captures probabilistically the crack progression from micrometers to meters. Advances in understanding of the microstructural processes that give rise to fatigue crack initiation and propagation, along with dramatic increases in computing resources, have combined to create a situation where it may be feasible to create detailed, physically rigorous models of the basic processes of fatigue cracking in metals. When these models are combined with information about the history and the current state of the vehicle, it may be possible to achieve a realistic picture of the state of structural heath of the vehicle. It is true that much work remains to be done in this area, but the framework of a modular modeling system has been demonstrated here. Models ranging from the micron-scale up to macro-scale can now be brought to bear on a host of problems, and the procedures necessary to expand their utility to other materials have also been developed. The current work was focused on two alloys, 7075-T651 and 7050-T7451, primarily because the former has broad application in a variety of existing platforms with known fatigue issues, and the latter is being employed in newer platforms which we wish to understand and model.
